1. Introduction {#sec1}
===============

Glaucoma is a leading cause of blindness worldwide, and its prevalence increases with aging.[@bib1], [@bib2], [@bib3] In glaucoma, damage to the retinal ganglion cells leads to thinning of both the retinal nerve fiber layer (NFL) and the ganglion cell layer, which is seen as NFL defects on fundus photography.[@bib4] The development of optical coherence tomography (OCT) has enabled cross-sectional imaging of the NFL, improving the detection of damage to the NFL and allowing the measurement of NFL thickness.[@bib5]^,^[@bib6] Yet, OCT and other imaging modalities such as scanning laser ophthalmoscopy (SLO) fail to provide sufficient information about NFL microstructure due to aberrations in ocular optics. It is possible to compensate for these aberrations by using imaging systems that incorporate adaptive optics (AO), consisting of a wavefront sensor that measures aberrations in ocular optics and a deformable mirror or spatial light modulator to compensate for aberrations in living eyes.[@bib7] We previously demonstrated that AO-SLO captures images of individual retinal nerve fiber bundles in normal eyes and eyes of patients with glaucoma[@bib8]^,^[@bib9] and showed that nerve fiber bundle width changed in proportion to NFL thickness in eyes of patients with glaucoma compared to control eyes.[@bib9] Yet, it remains unclear whether AO-SLO is useful for detecting microstructural changes in retinal nerve fibers over time. In this study, we investigated longitudinal changes in retinal nerve fiber bundles using AO-SLO in eyes of patients with primary open angle glaucoma (POAG).

2. Materials and methods {#sec2}
========================

This prospective observational longitudinal study adhered to the tenets of the Declaration of Helsinki and the study protocol was approved by the institutional review board and ethics committee of Kyoto University Graduate School of Medicine. The study enrolled primary open angle glaucoma patients with NFL defects on fundus photography and red-free SLO imaging who visited the Glaucoma Service at Kyoto University Hospital between June 2013 and April 2014. All potential participants received an explanation of the nature of the study and its possible consequences and provided written informed consent prior to participation.

Included patients underwent a comprehensive ophthalmologic examination including an evaluation of best-corrected visual acuity (BCVA) using a 5-m Landolt chart, intraocular pressure (IOP) measurement using a Goldmann applanation tonometer, automated static visual field testing using the Humphrey Field Analyzer (24-2 Swedish Interactive Threshold Algorithm standard), gonioscopy, dilated funduscopy, color fundus photography, stereo fundus photography, red-free SLO imaging, spectral-domain OCT (SD-OCT, Spectralis® HRA + OCT; Heidelberg Engineering, scan speed: 40,000 A scans/second, lateral resolution: 6 μm), and our prototype AO-SLO.[@bib10], [@bib11], [@bib12]

Using a prototype AO-SLO system, we captured images that focused on the NFL at locations centered 3.0 mm nasal from the foveal center and 3.0 mm upper to 3.0 mm lower from the foveal center at intervals of 0.5 mm. Thirty-two images were obtained at each location and averaged to reduce noise. The widths of nerve fiber bundle narrowing were measured in the same methods as previously reported.[@bib8]^,^[@bib9] Briefly, using the digital caliper tool built into ImageJ, the width was measured at 3 points for each nerve fiber bundle narrowing and averaged ([Fig. 1](#fig1){ref-type="fig"}). The thickness of the retinal NFL on SD-OCT images was measured at the regions where the NFL narrowing was located.Fig. 1Horizontal expansion of nerve fiber bundle narrowing detected on adaptive optics scanning laser ophthalmoscopy but not other modalities. Images of the left eye of a 46-year-old female patient with primary open angle glaucoma (POAG). **(A)** Magnified adaptive optics scanning laser ophthalmoscopy images focused on the nerve fiber layers (NFL) at locations centered 3.0 mm nasal and 0.5 mm inferior to the foveal center (white box in **B**). The width of nerve fiber bundle narrowing was measured at the same locations (yellow arrow heads). Nerve fiber bundle narrowing increased over time (272 ± 33.0 μm at 1st examination and 325 ± 33.6 μm at final examination, *P* \< 0.0001, analysis of variance with repeated measurements). Scale bar: 100 μm. **(B)** Fundus photograph showing thinning of the lower rim of the optic disc and NFL defects (black arrows). **(C)** Red-free images showing NFL defects (white arrows, 280 ± 19.9 μm at 1st examination and 287 ± 17.8 μm at final examination, *P* = 0.55, analysis of variance with repeated measurements). Magnified spectral-domain optical coherence image scanning circumpapillary in a diameter of 3.46 mm (second line, white circle in **B**) and vertically (bottom line, black arrow in **C**) showing localized thinning of the retinal NFL at the NFL defects (black arrows). The measured value of the retinal NFL was 66 μm at 1st examination and 65 μm at final examination. Scale bar: 200 μm. **(D)** Pattern deviation map from the static perimeter. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

3. Results {#sec3}
==========

Fourteen eyes from 12 patients with POAG and NFL defects on fundus photography were imaged with AO-SLO. The expansion of nerve fiber bundle narrowing was detected on AO-SLO images in 8 eyes (57.1%) over an observation period of 1.44 ± 0.42 years (range, 1.0--2.2 years). Nerve fiber bundle narrowing expanded horizontally in 2 eyes ([Fig. 1](#fig1){ref-type="fig"}) and vertically in 6 eyes ([Fig. 2](#fig2){ref-type="fig"}). In 3 eyes, changes in the NFL were only detectable on AO-SLO images; in these eyes, no expansion of NFL defects was detectable on color fundus photography, red-free SLO imaging, or SD-OCT ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}).Fig. 2Vertical expansion of nerve fiber bundle narrowing detected on adaptive optics scanning laser ophthalmoscopy but not other modalities. Images of the right eye of a 40-year-old female patient with primary open angle glaucoma (POAG). **(A)** Magnified adaptive optics scanning laser ophthalmoscopy images focused on the nerve fiber layer (NFL) at locations centered 3.0 mm nasal and 2.0 mm superior to the foveal center (white box in **B**). The cone mosaic is better visualized at the final examination, indicating vertical expansion of the NFL defect (yellow arrow heads). Scale bar: 100 μm. **(B)** Fundus photograph showing localized thinning of the superotemporal rim of the optic disc, disc hemorrhage, and NFL defects (black arrows). **(C)** Red-free imaging showing NFL defects (white arrows). Magnified spectral-domain optical coherence image scanning circumpapillary in a diameter of 3.46 mm (second line, white circle in **B**) and vertically (bottom line, black arrow in **C**) showing localized thinning of the retinal NFL at the NFL defects (black arrows). The measured value of the RNFL was 54 μm at 1st examination and was 56 μm at final examination. Scale bar: 200 μm. (**D**) Pattern deviation map from the static perimeter. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

3.1. Selected case reports {#sec3.1}
--------------------------

Case 1 was the left eye of a 46-year-old woman with POAG ([Fig. 1](#fig1){ref-type="fig"}). The BCVA was 1.5 and the mean deviation of visual field was −0.68 dB at inclusion. IOP during the observation period was 13.5 ± 0.6 mmHg (range, 13--14 mmHg). After 2 years of observation, the mean deviation was −1.73 dB. Nerve fiber bundle narrowing expanded significantly on AO-SLO images (272 ± 33.0 μm at 1st examination and 325 ± 33.6 μm at final examination; *P* \< 0.0001, analysis of variance with repeated measurements). NFL defect expansion was not detected on color fundus photography or red-free SLO imaging. On SD-OCT, there was no significant change in NFL thickness during the observation period (66.0 μm at 1st examination and 65.0 μm at final examination).

Case 2 was the right eye of a 40-year-old woman with moderate POAG ([Fig. 2](#fig2){ref-type="fig"}). The BCVA was 1.5 and the mean deviation of visual field was −5.22 dB at inclusion. IOP during the observation period was 16.3 ± 1.2 mmHg (range, 15--17 mmHg). After 1.3 years of observation, the mean deviation was −6.74 dB. Nerve fiber bundle narrowing expanded vertically on AO-SLO images. NFL defect expansion was not detected on color fundus photography or red-free SLO imaging. On SD-OCT, there was no significant change in NFL thickness during the observation period (54.0 μm at 1st examination and 56.0 μm at final examination).

4. Discussion {#sec4}
=============

Evaluation of the NFL is important for detecting and managing glaucoma. Although red-free fundus photography and SLO imaging are standard approaches for examining the retinal NFL, changes are often undetectable until there is \>50% nerve fiber loss.[@bib13] The advent of OCT enabled cross-sectional imaging of the NFL[@bib5]^,^[@bib6]; however, high-resolution enface imaging of the NFL has been limited by insufficient lateral resolution. In the current study, AO-SLO images had better resolution and contrast than red-free fundus photography or red-free SLO images, and microstructural changes in the NFL were only detected on AO-SLO images in a proportion of eyes.

AO-SLO revealed that nerve fiber bundles were narrowed but present in many areas in which NFL defects were observed on fundus photography and red-free SLO imaging.[@bib9] For this reason, we refer to abnormalities on AO-SLO images as "nerve fiber bundle narrowing" and those on red-free fundus photograph and red-free SLO imaging as "NFL defects."

The current study showed that the expansion of nerve fiber bundle narrowing over time is distinguishable on AO-SLO. Moreover, in several eyes, this expansion was only detectable on AO-SLO images. Although the gold standard for monitoring glaucoma is automated static perimetry, this test is subjective and fluctuations hinder the accurate and sensitive evaluation of glaucoma progression over short periods of time.[@bib14]^,^[@bib15] When the visual field progression was evaluated using the mean deviation value of automated static perimetry and was defined as statistically significant (*P* \< 0.05) decline on linear regression, none of the 14 eyes included in the study showed significant visual field progression during the study period of 1.44 ± 0.42 years. Accordingly, AO-SLO has potential utility for monitoring glaucoma over shorter periods than is feasible with other modalities. The ability to detect microstructural changes in the NFL would help us to decide to strengthen the treatment in patients with glaucoma. Further studies are necessary to evaluate the sensitivity and specificity of AO-SLO for detecting microstructural changes in glaucoma.

5. Conclusion {#sec5}
=============

We observed the expansion of retinal nerve fiber bundle narrowing with AO-SLO. AO-SLO may have particular utility for assessing short-term glaucoma-related changes in the retinal nerve fibers.
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